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ABSTRACT
Diamondback terrapins (Malaclemys terrapin) require estuarine habitats for
most aspects of their life cycles. However, adult female terrapins nest in coastal
uplands, and hatchling terrapins use upland habitats following nest emergence.
In these upland areas, hatchlings are particularly vulnerable to mortality risks
from coastal land management activities such as mowing and tilling. From 2019
to 2021, we used small tracking devices to monitor hatchling movements and
habitat use at a wildlife refuge in Rhode Island. When hatchlings emerged from
nests in late summer and early fall, we attached a radio transmitter and passive
integrated transponder (PIT) tag (n=46) or only a PIT tag (n=132) to hatchling
carapaces. From August to June, we tracked the hatchlings via radio telemetry
and a sweeping PIT tag antenna. While 53.4% of hatchlings (n=95) had
unknown fates when hatchlings’ overwintering sites were not located or tags
detached, 46.6% of hatchlings (n=83) had known fates. Known fates included
49 predated hatchlings, 3 unknown causes of death, as well as 23 hatchlings
who overwintered in the upland and 11 hatchlings who moved to the salt marsh
in the fall. In the uplands, hatchlings typically overwintered within about two
meters of habitat edges and disproportionately overwintered in brushland
habitat. Hatchling movement activity peaked from late August to early October,
then ceased until hatchlings re-emerged in late April through early June.
Hatchlings lost body mass during the overwintering period. Following fall nest
emergence, most hatchlings dispersed toward the southwest of the study area
with about 68% of hatchlings dispersing generally toward water and 32% of
hatchlings dispersing generally away from water. The divergent patterns we

observed in overwintering habitat use by hatchlings may be related to an
evolutionary transition or phenotypic plasticity. We recommend limiting use of
heavy equipment near habitat edges where hatchlings tend to overwinter, and
timing habitat management activities during colder months (November to
March) when hatchlings tend to be inactive. By implementing these strategies
when managing coastal uplands and salt marshes, we can reduce human
impacts on hatchlings and better conserve diamondback terrapins and their
habitats.
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DIAMONDBACK TERRAPINS (MALACLEMYS TERRAPIN)
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ABSTRACT
Diamondback terrapins (Malaclemys terrapin) require estuarine habitats for
most aspects of their life cycles. However, adult female terrapins nest in coastal
uplands, and hatchling terrapins use upland habitats following nest emergence.
In these upland areas, hatchlings are particularly vulnerable to mortality risks
from coastal land management activities such as mowing and tilling. From 2019
to 2021, we used small tracking devices to monitor hatchling movements and
habitat use at a wildlife refuge in Rhode Island. When hatchlings emerged from
nests in late summer and early fall, we attached a radio transmitter and passive
integrated transponder (PIT) tag (n=46) or only a PIT tag (n=132) to hatchling
carapaces. From August to June, we tracked the hatchlings via radio telemetry
and a sweeping PIT tag antenna. While 53.4% of hatchlings (n=95) had
unknown fates when hatchlings’ overwintering sites were not located or tags
detached, 46.6% of hatchlings (n=83) had known fates. Known fates included
49 predated hatchlings, 3 unknown causes of death, as well as 23 hatchlings
who overwintered in the upland and 11 hatchlings who moved to the salt marsh
in the fall. In the uplands, hatchlings typically overwintered within about two
meters of habitat edges and disproportionately overwintered in brushland
habitat. Hatchling movement activity peaked from late August to early October,
then ceased until hatchlings re-emerged in late April through early June.
Hatchlings lost body mass during the overwintering period. Following fall nest
emergence, most hatchlings dispersed toward the southwest of the study area
with about 68% of hatchlings dispersing generally toward water and 32% of
hatchlings dispersing generally away from water. The divergent patterns we
2

observed in overwintering habitat use by hatchlings may be related to an
evolutionary transition or phenotypic plasticity. We recommend limiting use of
heavy equipment near habitat edges where hatchlings tend to overwinter, and
timing habitat management activities during colder months (November to
March) when hatchlings tend to be inactive. By implementing these strategies
when managing coastal uplands and salt marshes, we can reduce human
impacts on hatchlings and better conserve diamondback terrapins and their
habitats.
.
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INTRODUCTION
The future of the diamondback terrapin (Malaclemys terrapin) in Rhode
Island depends on successful conservation and management of the few
remaining terrapin populations and habitats in the state. Terrapins are the only
North American turtle that specializes in estuaries, ranging from Massachusetts
to Texas along the Atlantic and Gulf coasts, as well as Bermuda (Lovich & Hart,
2018; Watters, 2004). Although terrapins spend most of their lives in salt
marshes and brackish water coves, they require sandy coastal upland habitats
for nesting. Extensive research has documented the nesting ecology of adult
female terrapins, and conservation actions have helped to protect some upland
terrapin nesting habitats (Roosenburg & Kennedy, 2018). Yet, little is known
about whether or how hatchling terrapins use upland habitats after emerging
from their nests. In two recent studies in Jamaica Bay, New York, researchers
found that many terrapin hatchlings did not move immediately to water postemergence as is typical of sea turtles and some freshwater turtles. Instead,
many hatchling terrapins overwintered on land outside their nests, not moving
to the estuary until the following spring (Duncan & Burke, 2016; Muldoon &
Burke, 2012). If hatchling terrapins indeed use upland habitats for extended time
periods, we must consider the risks and impacts to terrapins caused by upland
conservation and management activities like mowing and tilling. Our research
aimed to better understand the post-emergence movements and habitat use by
hatchling terrapins in Rhode Island to effectively inform terrapin conservation
and management in coastal upland habitats.
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The conservation status of terrapins varies by state across their range,
but terrapins are listed by the International Union for Conservation of Nature
(IUCN) as Vulnerable with a downward population trend (Roosenburg et al.,
2019). In Rhode Island, terrapins are State Endangered (RIDEM, 2015). The
few remaining breeding populations in the state are concentrated in upper
Narragansett Bay and the coastal salt ponds (S. Buchanan, unpublished data,
2020; Schwartz, 2013). Historically, overharvesting of terrapins in the late 19th
and early 20th centuries led to widespread terrapin population declines. Shifting
American diet preferences and prohibition-era restrictions on sherry—a required
ingredient in terrapin-soup—reduced market demand for terrapins, and
consequently reduced the impact of overharvesting, allowing some populations
to recover over the last century (Converse et al., 2017; Roosenburg, 2019).
Despite the reduced harvesting pressure, direct human impacts related to legal
and illegal collection of terrapins, bycatch, boat strikes, and road mortality, as
well as the overarching threats of habitat loss and climate change continue to
imperil terrapin populations (Roosenburg & Kennedy, 2018).
Extensive habitat losses have limited terrapin recovery following the
historic overharvesting period. Since 1832, approximately 53% of Rhode Island
salt marshes have been destroyed, the largest percentage among New England
states (Bromberg & Bertness, 2005). An estimated 9,200 hectares of suitable
coastal terrapin habitat in Rhode Island remains, according to the 2016
Regional Conservation Strategy Report (Eggers, 2016). The occupied extent of
this remaining suitable habitat is currently very limited (S. Buchanan,
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unpublished data, 2020), necessitating in-situ terrapin conservation efforts
wherever extant terrapin populations and habitats persist. Site fidelity of nesting
areas is well-documented for terrapins (Palmer & Cordes, 1988), underscoring
the need for data-driven management of remaining habitats and populations.
Terrapin conservation is also complicated by projected future habitat
losses. Climate change and coastal development pose particular challenges for
terrapin conservation and coastal habitat management. Sea level rise, marsh
subsidence, and erosion restrict estuarine habitat availability and quality
(Woodland et al., 2017). Simultaneously, shoreline hardening and the
development of coastal uplands further restrict the accessibility and availability
of upland habitat (Crawford et al., 2014; Winters et al., 2015). Even when habitat
is not completely lost or inaccessible, management activities like mowing and
tilling in coastal uplands pose understudied risks to terrapin conservation,
particularly for young terrapins. As such, management activities in remaining
suitable habitats must avoid causing further negative impacts to terrapins of all
life stages while considering the habitat needs of hatchlings. Only by
considering the full life history of terrapins, including habitat needs of hatchlings,
can terrapin conservation efforts ensure long-term population viability.
The scientific community lacks post-emergence movement and habitat
use data on hatchling terrapins, but hatchlings have been reported along salt
marsh edges, mudflats, and wrack lines (Burger, 1976b; Draud et al., 2004;
Lovich et al., 1991; Pitler, 1985). These observations suggest that hatchling
terrapins, like other semiaquatic turtles, move towards water after nest
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emergence in late summer. However, Muldoon and Burke (2012) found that
most hatchling terrapins moved away from water in the fall, then toward water
the following spring, spending up to nine months on land after nest emergence.
Similarly, Duncan and Burke (2016) found that hatchlings frequently
overwintered on land outside the nest. In a review of overwintering strategies
among turtles, Ultsch (2006) reported that adult terrapins overwintered along
the bottoms of salt marsh creeks and in undercut banks buried within the mud,
while hatchlings were observed in various microhabitats above the high tide line.
Upland management activities such as mowing and tilling may artificially
suppress hatchling survivorship and thereby threaten the long-term stability of
terrapin populations. In a study of the potential impacts of mowing on turtles in
early successional habitats and agricultural fields, Erb and Jones (2011) found
that crushing by tractor tires and injuries from mower blades could potentially
cause high levels of turtle mortality. Beyond mortality, vegetation management
(i.e., planting or removal) near nesting areas can influence hatchling sex ratios.
Terrapins have temperature dependent sex determination; as such, nests in
open areas (sunnier, warmer nests) produce more female hatchlings, while
hatchlings

from

shaded

(cooler)

nests

skew

towards

more

male

hatchlings (Grosse et al., 2015). To limit the impacts of these management
activities, researchers typically recommend that land managers conduct
mowing and brush clearing activities outside of the nesting season during colder
months when turtles are most likely to be inactive (Erb & Jones, 2011; Grosse
et al., 2015; Walden, 2017). However, no known literature addresses the
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impacts of these land and wildlife management activities specifically on
hatchling turtles, despite the importance of hatchlings in guiding management
decision-making regarding long-term wildlife population stability and effective
conservation.
Terrapin conservation matters not only because these unique estuarine
turtles face a variety of anthropogenic threats throughout their lives, but
because terrapins play important functional roles in the community structure of
salt marsh and coastal upland ecosystems. Terrapins are an obligate salt marsh
species (Hart & Lee, 2006) and are considered to be a keystone species in
estuaries (Roosenburg & Kennedy, 2018). Terrapins fulfill important functional
ecological roles as predators of marsh invertebrates such as periwinkle snails
that feed on saltmarsh grasses, and crabs that burrow into marsh peats
(Silliman & Bertness, 2002; Silliman & Zieman, 2001; Tucker et al., 1995).
Without terrapins, these invertebrates can destabilize salt marsh food webs and
irreparably erode marsh substrate, leading to feedback loops of habitat loss in
the marsh ecosystem (Brennessel, 2006; Silliman et al., 2005). Furthermore,
terrapin eggs and hatchling terrapins are prey items for various birds, mammals,
and invertebrates in the marsh and upland (Arndt, 1994; Palmer & Cordes,
1988; Pitler, 1985). Hatchlings’ low survivorship (Burger, 1976b; Draud et al.,
2004) is representative of their importance as prey in these complex coastal
food webs. The role reversal of hatchlings-as-prey versus adults-as-predators
demonstrates aspects of the terrapin’s functional importance in the coastal
ecosystem.
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Despite the importance of adult females to long-term population stability,
hatchlings are the source of recruitment to terrapin populations. Survival of
terrapins through the egg phase is better understood in the scientific literature
with 8% reported by Feinburg and Burke (2003), 9.7% reported by Goodwin,
(1994), and 18% reported by Burger (1977). However, hatchling survivorship
through the first year remains understudied for terrapins and is estimated to be
less than 10%, largely due to high predation rates (Draud et al., 2004). Because
of this naturally low survivorship among hatchlings, additional impacts related
to human activities in the landscape threaten the stability and recovery of
terrapin populations. Human impacts may suppress the number of hatchlings
that might otherwise survive to sexual maturity, the age class when survivorship
tends to be much higher. Based on thirteen years of mark-recapture data from
our Rhode Island study site, Mitro (2003) calculated a 94‒96% survival rate
among nesting females. Given the assumptions in the model used to derive this
estimate and the lack of juvenile recapture data, juvenile terrapin survival was
estimated at 56.5%; this study, however, did not directly address hatchling postemergence survival because no data on that 0‒1-year-old age class were
available.
Survival of adult females is critical for population stability and long-term
conservation of terrapins, but it is time for conservation science to address the
in-situ conservation needs of hatchling turtles. Urgency is needed on this topic
because human impacts and widespread mortality among hatchlings may lead
to the ‘perception of persistence’ in the local population. Under such
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circumstances, breeding still occurs over many years, but the mature individuals
fail to be replaced by younger recruits (Lovich et al., 2018). Over the decades,
this lack of recruitment can lead to population instability, and eventually,
extirpation. To reduce these risks of additive mortality, conservation activities
must be guided by data on hatchling terrapin movements and habitat use.
If terrapins use upland habitats for overwintering in their first year, these
habitats must be protected, and the timing and extent of management activities
in these coastal upland areas must be structured to limit impacts to hatchling
terrapins. At our study site, community-science volunteers have conducted a
31-year project that incorporates population monitoring through a markrecapture study of nesting females and protection of terrapin nests using wiremesh cages called “excluders” throughout the summer to reduce predation of
eggs and hatchlings. The group records data on nesting females, nests, eggs,
and emerging hatchlings with the ultimate goal of conserving and increasing
abundance in this terrapin population. Annual fall mowing occurs on this site to
maintain meadows (brushland habitat) for birds and pollinating insects and to
control invasive plant species. Annual spring tilling occurs in concentrated
terrapin nesting areas to maintain these nesting areas with open sand and
sparse vegetation. Yet, little was known about how these management activities
impact hatchlings. Our research aimed to document the post-emergence
movements and habitat use by hatchlings, locate hatchling overwintering sites,
and determine the timing of hatchling movements to inform best management
practices for terrapin conservation in coastal uplands.
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METHODS
Study Area
Our study was conducted at a 33.2-hectare wildlife refuge adjacent to an
estuary in northeastern Rhode Island from 2019 to 2021. The precise location
of the study site is not named to protect the site and its rare species from illegal
collection. The study site was typified by brushland (shrub and brush areas,
reforestation), cropland (tillable), deciduous forest (>80% hardwood), mixed
forest, sandy areas, water (bays and estuaries), and wetland (non-forested
wetland) (Anderson et al., 1983). Elevation ranges from 0‒8 m. Long-term
(1990-2020) mean monthly temperatures ranged from -5.1°C in January to
27.3°C in July in Bristol County, Rhode Island and mean annual precipitation
was 118.9 cm (National Centers for Environmental Information [NCEI], 2021).
The terrapin population at the study site has been continuously
monitored by a community conservation group since 1990 via a mark-recapture
study of nesting females. Nesting at the study site typically occurs from early
June to mid-July. The community-science group protects terrapin nests using
the wire-mesh “excluders” that deter predation of developing eggs and
hatchlings. Protected nests are monitored daily as hatchlings emerge in late
summer. During the 2020 nesting season, 237 breeding females and 549 nests
were documented. The nest count included 395 predated nests and 154
protected nests. In 2020, average clutch size was 11.5 hatchlings and a total of
1,453 hatchlings emerged from protected nests (K. Beauchamp, unpublished
data).

11

Sampling and Tagging Procedures
For two August‒June field seasons from 2019‒2021, we tracked the
post-emergence movements and habitat use by hatchling diamondback
terrapins. We used a combination of small tracking devices including 0.5 g radio
transmitters (Blackburn, Nacogdoches, TX, USA) and 9 mm passive integrated
transponder (PIT) tags (Biomark, Boise, ID, USA) to track hatchlings from nest
emergence through the overwintering period and into the following spring.
In year 1, we tagged 85 hatchlings: 20 with both radio transmitter and
PIT tag, and 65 with only a PIT tag. In year 2, we tagged 93 hatchlings: 26 with
both radio transmitter and PIT tag, and 67 with only a PIT tag (Figure 1). Total
sample was 178 hatchlings. The radio transmitters allowed us to collect more
precise movement data following fall nest emergence. The PIT tags allowed us
to pinpoint and monitor hatchling overwintering locations for a larger sample of
individuals. All tagging and data collection procedures were conducted under
the direction of staff at the Rhode Island Department of Environmental
Management (RI DEM), under Division of Fisheries and Wildlife Scientific
Collectors permits, and with approval of the University of Rhode Island
Institutional Animal Care and Use Committee (protocol #AN1920-022).
We sampled hatchlings from nests protected by excluders. Each day in
late summer/early fall, we checked nests for emerging hatchlings, and if
present, 1–8 hatchlings per nest were randomly selected for tagging (x̄ = 2.8,
SD = 1.5). The range of hatchlings sampled per nest was higher in the first year
(x̄ = 4.4, SD = 1.9) than the second year (x̄ = 2.1, SD = 0.5). This difference was
partly due to the logistical constraints in year 1 with a shorter sampling period
12

from 26 August to 25 September (30 days). In year 2, we started sampling
earlier from 10 August to 26 September (47 days). In both years, only 2 to 3
hatchlings per nest received radio transmitters, and any additional hatchlings
tagged from that nest received only PIT tags. Prior to attachment, we
camouflaged radio transmitters using two coats of brown nail polish; we
soldered transmitter wires in the field to activate the battery (expected battery
life = 71 days). We attached both the radio transmitters and PIT tags to hatchling
carapaces using silicone gel epoxy rather than insert tags into body tissues.
We measured and weighed hatchlings prior to tagging on the day of
summer/fall nest emergence. Carapace and plastron lengths and widths were
measured using dial calipers to the nearest 0.1 mm. Body mass measurements
were collected using a 10-gram spring scale to the nearest 0.1 g. At spring reemergence, we again weighed and measured hatchlings, and inactive radio
transmitters were collected and/or replaced with new transmitters.
We held hatchlings in plastic buckets for 60 minutes after tagging to allow
the epoxy to cure. Once the epoxy cured, hatchlings were hydrated with
freshwater for 5–10 minutes, then released within 1 m of their nest location. Just
prior to release, we placed hatchlings under opaque plastic buckets for 1 minute
to limit orientation bias. Buckets were then lifted, and we observed hatchling
movements from at least a 10-m distance using binoculars. Movement direction
and duration were noted until hatchlings entered dense vegetative cover on
emergence day. At each subsequent location where we detected a hatchling
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throughout fall, winter, and spring, we described the plant species within a 1 m 2
quadrat to assign a habitat type.
We categorized the habitat types in the study area according to USGS
land cover classifications (Anderson et al., 1983). The “open sandy areas'' used
by terrapins for nesting included sparse grasses and herbs: sheep sorrel
(Rumex acetosella), hairy crabgrass (Digitaria sanguinalis), German knotgrass
(Scleranthus annuus), and old field toadflax (Nuttallanthus canadensis).
“Brushland” was dominated by shrubs and sapling trees: Morrow’s honeysuckle
(Lonicera morrowii), black cherry (Prunus serotina), winged sumac (Rhus
copallinum) and bayberry (Morella caroliniensis); grasses: big bluestem
(Andropogon gerardii), little bluestem (Schizachyrium scoparium), panic
switchgrass (Panicum virgatum); vines: northern dewberry (Rubus flagellaris),
poison

ivy

(Toxicodendron

radicans),

Oriental

bittersweet

(Celastrus

orbiculatus), and a variety of goldenrods and asters. The “deciduous forest” was
dominated by a canopy of red oak (Quercus rubra), white oak (Quercus alba),
sassafras (Sassafras albidum), and mockernut hickory (Carya tomentosa) with
an understory of burning bush (Euonymus alatus), common greenbrier (Smilax
rotundifolia), Oriental bittersweet (Celastrus orbiculatus),

and Canada

mayflower (Maianthemum canadense). The “mixed forest” was dominated by
white pine (Pinus strobus), Norway spruce (Picea abies), and white oak
(Quercus alba). The “wetland” area was salt marsh dominated by salt cordgrass
(Spartina alterniflora), salt marsh hay (Spartina patens), and common reed
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(Phragmites australis). Open “water” areas included the brackish tidal waters of
the estuary.
Post-emergence locations of radio-tagged hatchlings were confirmed via
radio telemetry and PIT tag identification through fall, winter, and spring. We
recorded hatchling locations with a handheld global positioning system (GPS)
unit (Oregon 450, Garmin, Olathe, KS, USA) in UTM coordinates. Our telemetry
kit included a 3-element folding Yagi antenna and Advanced Telemetry Systems
receiver (F150-3FB-13035, ATS, Isanti, MN, USA). PIT tag identifications were
confirmed with an HPR Plus Reader with sweeping antenna and/or a GPR Plus
Handheld PIT tag reader (Biomark, Boise, ID, USA). We confirmed hatchling
detections to precise locations (within <1m²) by identifying the radio telemetry
signal to ≤1.5 gain, then homed in with even greater precision using the
sweeping antenna and/or handheld reader to within 10 cm of the hatchling’s
position.
Using the sweeping antenna and handheld reader, we searched the
habitats surrounding the terrapin nesting areas to locate hatchlings (Duncan,
2013). The sweeping antenna consisted of a circular antenna attached to a
handle, similar in appearance to a metal detector. We swept the antenna back
and forth across the surface of the ground through the vegetation in 2-m wide
overlapping transects to search for overwintering hatchlings (total area
searched = approx. 3.96 hectares) during the overwintering period. The
sweeping antenna is capable of detecting a PIT tag at depths of up to 25‒40 cm
below ground, depending on substrate type, thus enabling us to detect
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hatchlings hidden under leaf litter, vegetation, sand, and snow. The handheld
reader is capable of detecting PIT tags within a range of 10 cm, allowing us to
confirm that hatchlings were near the substrate surface. When hatchlings reemerged in early spring, we measured the depth of the overwintering sites via
the hatchling’s exit hole. If hatchlings had not reemerged by early June, we
excavated their last known location to recover tags and/or hatchling remains.
Data Collection
In each August‒June field season, we collected data during three periods
in accordance with hatchling life history patterns (Figure 2). To determine
whether hatchlings overwintered on land, we documented the proportions of
hatchlings that overwintered in the various upland and wetland habitats on-site,
as well as other fates (i.e., predation, unknown). To map hatchling overwintering
locations and develop a timeline of movement activity, we recorded hatchlings’
GPS coordinates over time on a daily basis in the weeks following nestemergence in August and September, then three times per week through
November, weekly from December to mid-April, then again daily through early
June. We collected data on movement direction, distance, and habitat type for
each post-emergence location where we detected hatchlings. These spatial and
temporal data were used to develop management recommendations.
Spatial and Statistical Analysis
We conducted statistical and spatial analyses using the R computing
environment (Version 1.3.1056, Boston, MA, USA), Microsoft Excel for
Microsoft 365 (Microsoft, Redmond, WA, USA), and ArcPro 2.8.1 (ESRI Inc.,
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Redlands, CA, USA). Habitats were categorized using the USGS classification
system (Anderson et al., 1983) based on a combination of the Rhode Island
Geographic Information Systems (RIGIS) 2011 Land Use and Land Cover data
layer (minimum map unit 0.5 acre), the September 2020 RIGIS digital true color
aerial photograph, and field verification via GPS. We manually refined the
habitat polygons in GIS to capture smaller habitat features at a 0.1 ac minimum
map unit.
Using geoprocessing tools and overlay analysis in ArcGIS, we analyzed
hatchling habitat selection. We constructed a minimum convex polygon (MCP)
around all the locations where we detected hatchlings that survived
overwintering in the uplands (n=23). We constructed a second MCP around the
nests of these upland overwintering hatchlings to determine a ratio of nest area
to overwintering area. We performed a chi-square test of the habitats used by
hatchlings compared to the available habitats within the MCP surrounding the
overwintering sites to test whether habitat use was random or non-random
within the available habitats.
We used generalized linear models to analyze factors related to dispersal
direction of hatchlings. We selected one random hatchling per nest to represent
the nest as the unit of replication in this analysis (n=59). Factors in the models
included: hatchling dispersal direction as the dependent variable, with Julian
date, and distance from nest to nearest habitat edge as independent variables.
Distance from nest to nearest habitat edge (in meters) and dispersal direction
(in compass degrees) were measured in ArcGIS based on field data. We
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developed three models including the relationship between dispersal direction
and Julian date, dispersal direction and distance from nest to edge, and a
combination of Julian date and distance from nest to edge.
In preparing the models, we also considered body mass measurements
and air temperature from a National Oceanographic and Atmospheric
Association (NOAA) weather station (99727899999) located 11 km from the
study site. We decided to remove these factors from the final analysis because
of issues with the quality of the temperature data, potential bias in the sampling
of hatchling body mass toward larger individuals, correlation between the
temperature and Julian date factors, and limitations in the sample size of nests
(n=59) to adequately inform a more extensive model analysis.
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RESULTS
From 2019 to 2021, we marked 178 hatchlings; 46 received both a radio
transmitter and a PIT tag, and 132 hatchlings received only a PIT tag. We
redetected 65.2% (n=116) of individuals post-emergence, which included 100%
of the radio-tagged individuals and 53% of hatchlings marked with PIT tags only.
We collected data on these hatchlings’ movements and habitat use in fall,
winter, and spring. Greater than 980 person-hours of search effort were required
to achieve this high proportion of redetections for hatchlings across the 3.96 ha
search area. Hatchling locations were confirmed via radio telemetry and the
sweeping PIT tag antenna on a daily basis up to 26 days post-emergence, then
three times per week through November, once per week from December
through mid-April, then daily from mid-April to early June.
For 53.4% of hatchlings (n=95), fates were unknown, meaning
overwintering locations and/or survivorship were not determined. Within this
group, we detected tags of 28 hatchlings in presumed overwintering refugia, but
later discovered these tags were no longer attached to hatchlings. For the other
67 hatchlings with unknown fates, we suspect the hatchlings moved beyond our
search area or were predated and carried off-site. The tag loss may have been
due to predation or because the tags detached while hatchlings moved through
the habitat. Because we could not be certain of the exact dates at which and
locations where these tags detached, we excluded information about these 95
hatchlings with unknown fates from further analysis.
Accordingly, 46.6% of hatchlings (n=83) had known fates. We
documented 23 hatchlings surviving the overwintering period in the upland and
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11 hatchlings moving to the salt marsh in the fall. During the study period, 27.5%
(n=49) of hatchlings were documented to have died. We found predated
remains associated with tags from 46 hatchlings. The remaining three
hatchlings were found intact with unknown causes of death.
Movements and Habitat Use
We observed a split pattern of habitat use by overwintering hatchlings
(Figure 3). Of the 83 hatchlings with known fates, 27.7% (n=23) overwintered
on land after nest emergence. We tracked these 23 individuals to their
overwintering sites in the upland habitats and confirmed their re-emergence on
land the following spring. In contrast, 13.3% (n=11) of hatchlings with known
fates moved to the salt marsh in the fall following nest emergence. We tracked
two hatchlings to precise overwintering sites in the salt marsh and documented
their re-emergence the following spring. We did not detect hatchlings returning
to upland habitats after entering the marsh; we assume that all 11 hatchlings
that travelled to the salt marsh overwintered in the salt marsh.
On land, hatchlings tended to overwinter near habitat edges, particularly
under shrubs, vines, and herbaceous cover. The mean distance from
overwintering sites to the nearest habitat edge was 2.3 ± 0.3 m. Hatchlings dug
shallow underground refugia in the sandy soil, occasionally under a layer of leaf
litter or other plant debris. The mean straight-line distance from nest to
overwintering site was 24.7 ± 3.5 m. Hatchlings changed locations 1‒4 times (x̄
= 1.7, SD = 0.9) before arriving at their upland overwintering sites. The mean
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total route distance travelled from nest to overwintering site by hatchlings that
overwintered in the uplands was 27.9 ± 3.5 m.
Among the 11 hatchlings that moved to the marsh prior to the
overwintering period (Figure 3), precise overwintering locations were
determined for two hatchlings. For the remaining nine hatchlings that moved to
the marsh in the fall, the tracking device signals were lost after these hatchlings
entered the marsh and the fates of these hatchlings became unknown. The
mean straight-line distance from nest to overwintering site for the two known
marsh-overwintering hatchlings was 112.6 ± 17.8 m. Hatchlings that moved to
the marsh changed locations 1‒7 times (x̄ = 3.5, SD = 1.9) before arriving at
their overwintering site or last known location. The mean total route distance
travelled by hatchlings that overwintered in the marsh was 126.9 ± 17.9 m.
The minimum convex polygon (MCP) area encompassing all the known
fall locations of the 23 upland-overwintering hatchlings was 1.05 ha. The MCP
enclosing the nest locations for those upland-overwintering hatchlings was 0.66
ha, or 63% of the MCP for upland overwintering sites (Figure 4). These areas
indicate a minimum 1:1.6 ratio of nest area to overwintering habitat area. The
available habitat within the overwintering habitat MCP included 44.6%
brushland, 39.3% open sandy areas, 12.5% deciduous forest and 3.7% mixed
forest. Twenty (87.0%) upland overwintering hatchlings used brushland habitat,
two (8.7%) hatchlings used deciduous forest, one (4.3%) hatchling used an
open sandy area, and no hatchlings used mixed forest. Hatchlings
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disproportionately used brushland habitat for overwintering (χ 2 = 76.2, df = 3, p
< 0.001).
Timeline of Hatchling Activity
Hatchling movement activity peaked in late summer and early fall after
hatchlings emerged from nests. The fall activity period peaked in late August
(Julian date 241) and ended in early October (Julian date 277). When we
observed hatchlings moving through the upland habitat, they tended to move
more quickly when exposed and paused regularly when under vegetated cover.
For all hatchlings with known post-emergence locations (n=141), hatchlings
changed locations 1.9 ± 0.1 times, on average in fall.
Seventeen of 23 hatchlings (73.9%) who survived overwintering in the
uplands arrived at their overwintering sites within one day of nest emergence.
The remaining six hatchlings arrived at their overwintering sites between two
and 43-days post-emergence. For all hatchlings who survived in known
overwintering sites, the mean number of days between nest emergence and
arrival at the overwintering site was 13.6 ± 3.7 days (n=26, range 0‒46 days).
The mean overwintering period length was 261.9 ± 6.2 days (n=9, range 230‒
289 days).
In spring, hatchlings re-emerged from 9 April to 31 May (Julian dates 99‒
151). We found evidence of 26 hatchlings surviving from fall nest emergence to
spring re-emergence either via physical reencounter on land or in the marsh
(n=15) or because hatchlings were no longer present in overwintering sites
where we had previously detected them (n=11). Based on intact exit holes (n=9)
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from re-emerging hatchlings, hatchlings overwintered near the substrate
surface (x̄ = 5.6 ± 0.2 cm deep). Seventeen hatchlings (85%) moved out of their
overwintering locations on the day of spring re-emergence, but three hatchlings
(15%) stayed within 1 m of their overwintering sites under plant debris for 3, 8,
and 10 days, respectively, until making a subsequent move.
When hatchlings re-emerged in spring, they were significantly lighter in
body mass (Table 1). Hatchlings, on average, lost 0.8 ± 0.2 g (11%) in body
mass during the overwintering period. Body sizes were not significantly different
for carapace length, carapace width, or plastron length, indicating that
hatchlings did not grow between fall emergence and spring re-emergence. We
attached new radio transmitters to six re-emerging hatchlings in the spring (one
in 2019, and five in 2020). Of these six hatchlings, three successfully moved to
the salt marsh in the spring; two were predated within 48 hours of re-emergence
in the upland habitat (one in brushland, one in deciduous forest); and one died
of unknown causes 11 days after spring re-emergence. We found the latter
intact 12.5 cm deep in leaf litter and humus approximately 20 m above the wrack
line in deciduous forest habitat.
While tracking the three hatchlings that arrived in the marsh in the spring,
we consistently found the hatchlings in high marsh areas dominated by Spartina
patens. Hatchlings were detected while hidden among the root masses and
stems of the living grasses, within damp mats of tidal wrack, or resting on the
peat/sand substrate surface under plant cover. Over 12‒23 days of spring radiotracking, we documented these three hatchlings travelling 274 m, 290 m, and
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402 m, respectively. Within these distances, hatchlings travelled through the
uplands approximately 112 m, 80 m, and 75 m, respectively, from their
overwintering sites to the point where they entered the marsh. The remaining
distances were travelled exclusively in the marsh—hatchlings did not return to
the uplands once they entered the marsh.
Hatchling Dispersal
Upon initial dispersal from the nest in the fall, hatchlings (n=139) traveled
a mean distance of 18.6 ± 1.2 m on the day of emergence, though the mean
distance from nests to the nearest habitat edge was only 7.4 ± 0.7 m. Dispersing
hatchlings moved in a mean dispersal direction of 214 ± 8°, or generally southsouthwest (Figure 5). However, the mean compass direction from nests (n=59)
to the nearest habitat edge was 157 ± 14°.
Most hatchlings (68.3%, n=95) dispersed generally toward the salt marsh
in a westerly direction (181‒360°), while 31.7% (n=44) moved generally away
from the salt marsh in an easterly direction (0‒180°). Four hatchlings did not
disperse on emergence day and reburied in the sand within 1 m of the nest
within 20 minutes post-release. Dispersal direction data were not collected for
35 hatchlings either because of observer error, or because hot sand
temperatures made release at the nest location too dangerous. In the latter
case, hatchlings were released at the vegetated cover nearest to their nest.
Our model selection analysis indicated that none of the three models in
our set were particularly well supported. The most supported model was Model
1, a single variable model for Julian date as the predictor variable for hatchling
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dispersal direction (Table 2). However, during the first half of the time period
when hatchlings emerged from nests and dispersed into the surrounding habitat
(Julian Dates 223‒270 / August-September), the number of data points was
higher and the dispersal direction more variable than in the second half of the
same time period.
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DISCUSSION
Movements and Habitat Use
Coastal uplands provided important overwintering habitat for hatchling
diamondback terrapins at our study site in Rhode Island. We found that
hatchlings remained in upland habitats 9‒10 months after summer/fall nest
emergence. Hatchlings overwintered on land versus the salt marsh at a 2.1:1
ratio. Our findings corroborate earlier work by Muldoon and Burke (2012) and
Duncan and Burke (2016) who observed hatchlings moving away from water in
the fall toward upland overwintering refugia, with subsequent movements
toward water

in spring.

Additionally,

our observations of

hatchlings

overwintering in coastal uplands adds context for other observations of
hatchlings on land post-emergence (Burger, 1976b; Butler et al, 2004; Draud et
al., 2004; Lovich et al., 1991; Pitler, 1985). These findings indicate the need for
conservation and data-driven management of coastal uplands surrounding
terrapin nesting areas.
Three overwintering strategies—overwintering in the marsh/water (OIW),
terrestrially inside the nest (TIN), and terrestrially outside the nest (TON) —have
been documented for terrapin hatchlings, and each poses advantages and
disadvantages (Muldoon & Burke, 2012; Duncan and Burke, 2016; Figueras et
al., 2018). Our study focused primarily on the hatchlings using the OIW and
TON strategies, but we observed all three strategies being used by hatchlings
in Rhode Island. The TIN strategy is used by hatchlings in a limited way at our
study site with one known occurrence between 2019–2021 (K. Beauchamp,
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unpublished data). Although determining the specific ecological or biological
mechanisms driving divergent overwintering habitat use by terrapin hatchlings
requires further research, we can conceive of two possible mechanisms behind
this divergent use of the marsh and uplands: 1) a transition in terrapin evolution
and 2) phenotypic plasticity.
First, terrapins may be at a transitional point in their evolution and
estuarine specializations as natural selection drives fitness of terrapins using
each overwintering strategy. To understand this evolutionary trajectory, we can
compare the overwintering strategies of hatchlings in closely related turtle
species. The genus Malaclemys is monotypic containing only the estuarine
species M. terrapin, though terrapins are typically recognized as having seven
geographically distributed subspecies that can interbreed. Based on the fossil
record, terrapins have ranged along the eastern seaboard since at least the Late
Pleistocene (Ehret and Atkinson, 2012), enduring drastic changes in the
landscape and sea level over the millennia as they specialized in estuarine
conditions. The terrapin’s closest evolutionary relatives are the map turtles
(genus Graptemys); the two genera are considered sister groups within the
family Emydidae. Once considered congeners, or that Malaclemys was
paraphyletic to Graptemys, more recent molecular phylogeny places the two
genera in distinct lineages (Seidel and Ernst, 2017; Lamb and Osentoski, 1997).
Further back along the phylogenetic tree, Malaclemys and Graptemys share an
ancestor with Trachemys, another diverse group of freshwater turtles (Seidel
and Ernst, 2017).
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This freshwater lineage lends evidence that the terrapin’s use of
estuarine habitats is evolutionarily a fairly recent adaptation, suggesting that the
evolutionary fitness of terrapins that overwinter as hatchlings in uplands or the
marsh has not been fully refined by natural selection since Malaclemys diverged
within Emydidae and began specializing in estuarine habitats. In an analysis of
mammals and reptiles using marine habitats, Motani and Vermeij (2021)
described a series of adaptations that appear as lineages transition from
terrestrial or freshwater habitats to more haline environments. The authors
classified Malaclemys as currently occupying step two of five, with terrapins
feeding, breeding, and thermoregulating in brackish and marine waters, but still
dependent on freshwater and terrestrial resources. As terrapins have
specialized in the dynamic conditions of the estuary, the rate of adaptation may
be more dependent on the physiological challenge of the estuarine conditions
for hatchlings than other selective pressures. These patterns suggest that
overwintering on land is the ancestral condition for terrapins and overwintering
in the salt marsh is a more recent adaptation.
In two studies, 95% of Graptemys geographica hatchlings, one of the
closest relatives to terrapins, overwintered in the upland nest cavity and
emerged from nests the following spring (Baker et al., 2003; Nagle et al., 2004).
However, in a study of G. ouachitensis, Geller et al. (2020) observed that
hatchlings left nests in the fall and dispersed into nearby uplands. These studies
demonstrate diversity in overwintering strategies (TIN and TON) among
Graptemys species. Similarly, Pappas et al. (2017) observed hatchling G.
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geographica, G. pseudogeographica, and G. ouachitensis on river beaches
dispersing away from water toward dark horizons. Snapping turtles (Chelydra
serpentina) use estuarine habitats, though to a lesser extent than terrapins; C.
serpentina hatchlings have been observed dispersing toward freshwater and
overwintering in freshwater seeps (Ultsch et al., 2007). In a laboratory setting,
Kinneary (2008) observed that hatchling terrapins endured saline conditions
much more successfully than snapping turtle hatchlings. However, Chelydra are
fairly distantly related to terrapins, suggesting that their shared use of estuarine
habitats is not based on relatedness (Thomas et al., 2021). Similarly, sea turtle
hatchlings move immediately into marine habitats post-emergence (Lohmann
et al., 2017), but the evolutionary distance in the lineages between sea turtles
and terrapins limits the comparability of these taxa (Thomson et al., 2021).
Our second interpretation is that hatchlings may be exhibiting phenotypic
plasticity. The genetic diversity within the population may provide a level of
resilience and adaptability to changing environmental conditions in the coastal
upland and estuarine habitats over time. Among the factors that terrapins must
overcome for their long-term survival are the dynamic weather conditions of the
coast, terrapins’ lengthy time to reproductive maturity, and the high risk of
mortality to hatchlings. Plasticity in the use of overwintering habitats may
increase the likelihood of survival for at least some overwintering hatchlings if
portions of the marsh or upland experience high levels of disturbance in any
given year. Thus, an entire year’s offspring may not face the same level of
mortality risk under the same impacts. For example, severe coastal storms,
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called Nor’easters, occur in some years along the mid-Atlantic and Northeast
U.S. coasts in fall, bringing high winds and waves and potentially threatening
hatchlings overwintering in the marsh. In contrast, some Northeast winters
produce long periods of extreme cold weather which may impact hatchlings
overwintering on land. Multiple paternity within clutches (Sheridan et al., 2010)
may provide a genetic mechanism for differences we observed in hatchlings’
movements and overwintering habitat uses, especially given our observations
of hatchlings within clutches displaying divergent overwintering habitat uses.
Within nine clutches for which we recorded multiple hatchlings with known fates,
there were five instances in which one hatchling overwintered on land and
another hatchling from the same clutch moved to the marsh in the fall. For the
other four instances, both hatchlings sampled from each clutch overwintered on
land.
Three main risks to hatchlings overwintering in either the upland or salt
marsh include: predation, freezing, and desiccation (Figueras et al., 2018). As
estuarine specialists, all terrapins must eventually travel to the marsh for their
long-term survival. The OIW (overwintering in water) strategy means hatchlings
spend less energy on the initial move to the marsh and may begin feeding and
growing sooner than hatchlings that remain on land. Although Kinneary (2008)
observed hatchlings’ ability to eat in terrestrial settings in the laboratory, our field
observations suggest that upland overwintering hatchlings do not feed on land,
instead persisting using the energy provided by their natal yolk sac initially and
by brumation through the winter (Muldoon & Burke, 2012). The OIW strategy is
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consistent with the overwintering habits of adult terrapins (Ultsch, 2006).
However, the OIW strategy means greater exposure to a broader diversity of
predators while moving from the upland to the marsh and within the upland,
especially with the hatchlings’ small size and limited defenses compared to adult
terrapins. Although the risk of desiccation is lower in the marsh, the risk of
inoculative freezing increases in the wetter conditions of the marsh soil (Baker
et al, 2006a) and salinity becomes an added stressor (Congdon et al., 2018).
The TON (overwintering terrestrially outside of the nest) strategy may help
hatchlings avoid exposure to predators (Duncan & Burke, 2016) by dispersing
individually into the surrounding habitat, thus becoming harder for predators to
detect. Conversely, the TIN (overwintering terrestrially inside the nest) strategy
keeps clutches of hatchlings grouped together, making it easier for predators to
identify and consume whole nests of hatchlings, finding them via auditory or
olfactory cues. However, the TIN strategy is less energetically costly than TON
because hatchlings do not have to spend energy emerging and reburying
elsewhere in the upland.
Another important difference between TIN and TON is the depth at which
hatchlings overwinter and the differences in temperature and moisture in these
refugia. Terrapins overwintering in the nest cavity (TIN) are lower in the
substrate, overwintering in a space dug by their mother during egg-laying at
approximately 10‒20 cm deep (Goodwin, 1994). In TIN conditions, hatchlings
likely experience less temperature fluctuation in the winter than hatchlings using
the TON strategy. In the TON strategy, overwintering refugia are dug by the
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hatchlings themselves and are generally less than 10 cm below the surface.
Microhabitat conditions dictate the extent to which TON hatchlings experience
freezing, though these conditions may be mediated by the level of vegetation,
leaf litter, and snow cover over these hatchlings. Terrapin hatchlings are
remarkably freeze tolerant, capable of withstanding prolonged exposure down
to -3.0°C and supercooling to -15.0°C, though vulnerable to inoculative freezing
when physically exposed to ice crystals (Baker et al., 2006a). This robust range
of freeze tolerance shows hatchlings’ resilience to the conditions in both TIN
and TON strategies, but potentially indicating a greater risk of inoculative
freezing in the saturated conditions of the marsh. With their thinner shells and
higher surface area to body mass ratio, as compared with their adult
counterparts, the risk of inoculative freezing may tilt the scales toward
overwintering on land for some hatchlings.
Figueras et al. (2018) determined that terrapin hatchlings were highly
resistant to desiccation in the TON strategy. While the authors suspected salt
spray as an added source of moisture for these hatchlings, this is unlikely at our
site due to the greater distance and elevational difference between the marsh
and upland overwintering locations, the band of deciduous forest separating
these areas, and the low levels of wave action at our site. The moderate to
dense vegetation we observed at TON overwintering sites, similar to that
observed by Duncan and Burke (2016), may mediate some of the moisture loss
for these hatchlings. Hatchlings in TIN situations are typically at greater risk of
desiccation due to increased sun exposure on nesting sites; Goodwin (1994)
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documented that nests at our study site typically occur in open sandy areas with
<5% plant cover. Though we did not quantify plant cover, this pattern of nests
in more open areas is consistent with our observations in 2019 and 2020.
Notably, plant cover near nests increased over the growing season as grasses
spread horizontally and grew in height. The denser and more diverse shrub
vegetation surrounding TON overwintering refugia may mediate desiccation risk
by serving as conduits for precipitation and dew to the soil below and serving
as canopy cover to reduce direct sunlight and evaporation of moisture from soil.
Consequently, TON hatchlings may be less exposed to drier conditions than
TIN hatchlings. Where vegetation may have posed a risk by shading or
absorbing moisture from developing eggs, potentially impacting hatchling sex
ratios (Burke & Calichio, 2014), proximity to plants in overwintering sites outside
the nest seems to convey an adaptive advantage to hatchlings during the winter.
Salinity is also a major stressor to hatchlings (Congdon et al., 2018).
Ashley et al. (2021) found a negative effect on growth rate for hatchlings
exposed to higher salinity levels (>20 ppt). Additionally, greater exposure to
higher salinity concentrations might increase vulnerability of smaller hatchlings
to predation because the hatchlings may spend greater energy and move
further seeking freshwater, avoiding the higher salinity areas of the marsh
(Ashley et al., 2021). Two Rhode Island salt marshes exhibited seasonal
variation in salinity; salinity levels in the water and soils were higher in the late
summer/fall and lower in the mid-late spring (McKinney et al., 2019). These
seasonal salinity patterns may also relate to the divergent strategies among
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hatchlings that overwinter on land or in the marsh since salinity may pose a
physiological barrier to the overwintering conditions some hatchlings can
endure. Further research on the seasonal influence of salinity and hatchling
movements may shed light on relationships between environmental and
behavioral factors that may influence terrapin hatchling use of overwintering
habitats.
Timeline of Hatchling Activity
The restricted energy budget of the hatchlings’ yolk sacs places a cap on
metabolic energy and plays an important role in early growth (Congdon et al.,
2018), while brumation and seasonal temperature patterns constrain hatchling
movement activity periods to the warmer months (Hart & Lee, 2006). Allman et
al. (2012) observed a geographic cline in the nutritional resources allocated by
mothers to terrapin eggs: clutches in more southerly latitudes contained fewer
but larger eggs with higher total lipid counts, while those at more northern
latitudes contained a greater number of smaller eggs. Notably, our Rhode Island
population had a higher proportion of triacylglycerol within the total lipid count
(Allman et al., 2012), suggesting an efficiency boost for these hatchlings’ energy
budgets during colder, more northern winters. Thus, factors related to nutrient
allocation in the egg may relate to hatchlings’ post-emergence movements and
habitat use preferences in their first year that vary across populations and
latitudes. Consistent with our results, Muldoon and Burke (2012) observed that
hatchlings lost weight and did not grow in body size between fall and spring recaptures, suggesting that hatchlings overwintering on land did not eat. Our
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observations that hatchlings tended to select their overwintering site with few
other location changes in the fall, ceasing movement well before temperatures
dropped to the brumation threshold, supports the interpretation that hatchlings
do not move within the uplands to forage for food. We note that our sample was
potentially biased towards larger hatchlings with correspondingly larger yolk
sacs because of the weight threshold necessary for attaching radio transmitters
and PIT tags to hatchlings, thus excluding smaller hatchlings.
In general, literature on hatchling survivorship has focused on whether
hatchlings survive in the egg phase (<8% survivorship reported by Feinburg &
Burke, 2003; 9.7% reported by Goodwin, 1994; 18% reported by Burger, 1977).
Mitro (2003) estimated a 56.5% annual rate of survival for juvenile terrapins
(ages 0-2) in a population model, as no data on this age class were available in
the literature. We suspect this estimation is high given our observations of
predated hatchlings. We found predated remains for 25.8% of our tagged
hatchlings, but this is likely an underestimate given the number of hatchlings in
our sample with unknown fates and the limited capacity for our study design to
estimate survivorship. Draud et al. (2004) found a 67% predation rate by Norway
rats (Rattus norvegicus) on hatchlings post-emergence but noted that they
expected fewer than 10% of hatchlings to survive to adulthood. Because markrecapture studies and population analyses of terrapins traditionally focus on
reproductively active females, more research is needed tracking young
terrapins for multiple years, ideally from the hatchling phase through sexual
maturity. Our study partially addresses this knowledge gap by indicating
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patterns in hatchling habitat use and survival during their first year, especially
among hatchlings that overwinter on land outside the nest. We identified
raccoons (Procyon lotor), striped skunks (Mephitis mephitis), shrews (Sorex
sp.), Eastern chipmunks, (Tamias striatus), American crows (Corvus
brachyrhynchos), fish crows, (Corvus ossifragus), and great horned owls (Bubo
virginianus) as hatchling predators in the upland, though other predators may
have also been present. Eastern coyotes (Canis latrans) frequently predated
terrapin nests at our study site, but we did not explicitly observe coyote
predation on hatchlings post-emergence. Previous studies have identified foxes
(Vulpes) (Burger, 1976b), Norway rats (Rattus norvegicus), yellow-crowned
night herons (Nycticorax violacea) (Draud et al., 2004), and ghost crabs
(Ocypode quadrata) (Arndt, 1994) as hatchling predators.
This diverse group of predators illustrates the variety of taxa providing
top-down predation pressure on hatchlings in both upland and estuarine
habitats, and the critical need for hatchlings to behaviorally avoid predators
through their habitat use, especially during vulnerable periods post-emergence.
Hatchlings that survived the overwintering period tended to arrive at their
overwintering site within one day of nest emergence. Although we could not
determine the exact dates when all hatchlings were predated, hatchlings seem
to be most vulnerable to predation during the activity period in the days and
weeks immediately following nest emergence. Because our study design
included avoiding disturbance of any suspected overwintering microhabitat
where we detected PIT tags, we did not uncover many predated hatchlings until
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spring of each year of the study. As such, exact predation dates could not be
determined for most PIT-tagged hatchlings. However, based on the extent of
decomposition, we interpreted that the vast majority of hatchling predation
occurred in the fall prior to the brumation period, and that hatchlings were rarely
predated during the winter months. This pattern suggests that hatchlings are
safer once settled in their overwintering refugia, and hatchlings are at greatest
risk to predators while actively moving through the habitat, especially to
predators using visual and auditory cues. We suspect that hatchlings minimize
movements when selecting their upland overwintering sites largely to limit their
exposure to predators.
Hatchlings that survived overwintering on land tended to overwinter in
brushland habitat (87%) under moderate to dense herbaceous and woody
vegetation, similar to findings by Duncan and Burke (2016) and Burger (1976b).
However, unlike Duncan and Burke (2016) who found the majority of hatchlings
(59%) overwintering within 5 m of their nests, we observed upland overwintering
sites a mean distance of 24.7 ± 3.5 m (range 3.6–86.2 m) from hatchlings’ nests.
Hatchlings were capable of traveling much longer distances, particularly those
that moved to the marsh in the fall (route distance x̄ = 126.9 ± 17.9 m). These
longer routes were potentially related to the unique characteristics of the study
site and the distance between the nesting areas and the salt marsh. More
research is needed comparing hatchlings movements across multiple sites to
fully understand hatchling terrapins’ use of upland habitats. The position of the
nesting areas at our study site are generally 30–100 m from the nearest salt
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marsh edge (Goodwin, 1994), and some nests and hatchlings have been noted
up to 300 m from the marsh.
Nests located further from the marsh edge, coupled with our
observations of hatchlings' capacity to move longer distances than otherwise
documented in the literature (Duncan & Burke, 2016), suggest the broader
importance of large-scale intact coastal upland habitats to diamondback
terrapins. Our habitat use and suitability analysis demonstrated that the use of
brushland habitat was highly statistically significant and non-random given the
available habitat types at the study site within that MCP. Hatchlings’ preference
for overwintering sites near habitat edges in brushlands presents an important
strategic point for habitat managers to maintain and protect brushy edges near
nesting sites. To protect the upland overwintering habitat used by hatchlings,
habitat areas should be conserved at a minimum 1:1.6 ratio of nest area to the
surrounding vegetated uplands. Within these protected areas around nesting
sites, ensuring a robust buffer zone (>5m wide) of moderately/densely
vegetated brushland edge habitats can help maintain conditions suitable for
hatchlings that overwinter on land. As with observations of terrapin females
travelling up to 1600 m in the uplands (Auger and Giovannone, 1979), our site
may provide special insight into terrapins’ historic capacity to occupy broad
areas of coastal uplands for nesting and hatchling overwintering habitat. Typical
observations of terrapins using only the fringes of coastal uplands for nesting
may be a consequence of the immense transformation and loss of upland
habitats over the last 200 years, in addition to the historic losses of salt marshes
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(Bromberg & Bertness, 2005). Consequently, restoring and conserving terrapin
habitats requires large scale conservation and management of coastal uplands
suitable for nesting females and overwintering hatchlings. Furthermore,
restoration efforts such as the creation of ‘turtle gardens’ (Eggers, 2016) need
not be immediately adjacent to the estuary as long as those areas are
accessible to terrapins moving through the habitat.
Hatchling Dispersal
Although hatchlings moved toward dense vegetation when dispersing
from nests, they did not orient toward the nearest vegetative cover as observed
by Burger (1976b). Hatchlings have been observed to preferentially disperse
toward marsh vegetation and mats of tidal wrack over open water (Coleman et
al., 2014; Lovich et al., 1991), but in these studies, the areas where hatchlings
were released were closer to the water than at our study site, thereby limiting
the comparability of our findings. As documented by Burger (1976b) and
Coleman et al. (2014), we observed hatchlings raising their heads and looking
around in multiple directions in ‘orientation circles’ before and during dispersal
movements, suggesting the importance of visual orientation cues to hatchlings,
though our observations of hatchlings pressing their heads toward the sand
while dispersing suggests that olfactory cues or other factors may also play a
role (Geller et al., 2020).
Differences in the distances and dispersal directions hatchlings traveled
may be related to site specific microhabitats associated with the availability of
preferred overwintering site conditions, and the position of the individual nests
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and nesting areas in proximity to the salt marsh. At our study site, the main
nesting areas are located at least 30 m from the marsh edge on top of a sandy
bluff 7–8 m above sea level (USGS, 2019). The nesting areas are open sandy
expanses on Windsor loamy sand with 0 to 3% slopes; this soil unit also
supports the surrounding brushland areas on site. A band of deciduous forest
on Hinckley loamy sand with 8 to 15% slopes, lies between the nesting areas
and the salt marsh (NRCS, 2021). The 7–8 m elevation bluff separating the salt
marsh and nesting areas consists of 8 to70% slopes (x̄ = 36%) (Goodwin, 1994).
The salt marsh is characterized by Ipswich mucky peat, 0 to 2% slopes and very
frequently flooded soils (NRCS, 2021). The low-lying sandy areas and marsh
below the bluff are routinely flooded during high tides. This combination of tidal
flooding regimes and soil type may relate to why the nesting sites are further
from the marsh than is typical in other terrapin populations (Roosenburg &
Kennedy, 2018).
A large proportion of hatchlings in our sample had unknown fates,
partially due to tag loss and the challenges of redetecting PIT tagged hatchlings
(Duncan, 2013). These hatchlings may have moved beyond our search area by
their own means or were taken by predators. Tag loss also contributed to the
number of unknown fates—we recovered 29 tags without any associated
hatchling remains or signs of predation. These tags may have detached from
the hatchlings during predation or while the hatchlings moved among woody
debris, sediment, and vegetation in the habitat. Although epoxying the tags to
hatchlings’ carapaces was a simpler and less invasive process than injecting
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tags intraperitoneally (Duncan & Burke, 2016), it may have increased the
likelihood of tag loss. Radio telemetry proved to be an effective tool to study the
movements of hatchling terrapins in coastal uplands, but we had mixed success
tracking hatchlings once they entered the salt marsh. The radio transmitters we
used performed better than expected—the manufacturer’s expected battery life
was 71 days, but our radios—if they did not otherwise malfunction due to
saltwater exposure or predation—lasted a mean of 89 ± 3 days (n=26, range
56–134 days).
Management Implications
We have three main recommendations related to conservation of habitat
areas used by hatchling terrapins, management of these habitats using heavy
equipment, and timing of management activities in both the upland and marsh
habitats with special consideration for managing common reed (Phragmites
australis). Lastly, we summarize the need for effective conservation and
management of hatchling terrapins and their habitats.
First, conserving substantial upland habitat areas surrounding terrapin
nest sites is necessary for maintaining long-term viability of terrapin populations.
We recommend protecting at least a 1:1.6 ratio of open sandy areas to
surrounding vegetated upland areas; at our study site this ratio represented a
broader vegetated area on the westward side (toward the salt marsh) of the
open sandy areas where nesting is concentrated. The shape and extent of this
ratio between nesting area and surrounding vegetated uplands may vary
considerably depending on local site conditions and the layout of nesting areas.
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Site-specific conservation and management plans should consider the
particular layout of on-site habitats when designating the focus areas for
conservation and planning management activities within those areas. However,
a buffer zone consisting of shrubs, vines, and herbaceous cover should be at
least five meters wide to capture the hatchlings’ preference for overwintering in
brushland habitat edges surrounding the open sandy nesting areas. Whenever
larger areas of upland habitat exist to be preserved or can be restored, we
recommend conserving the largest areas of habitat possible.
Second, we recommend limiting the spatial extent of upland coastal
areas managed by heavy equipment, particularly near terrapin nesting areas
and in the surrounding vegetated buffer zone. Heavy machinery, such as
mowers, tillers, brush cutters, and similar heavy equipment, increase the risk of
crushing or otherwise killing hatchlings moving or overwintering in these critical
habitat areas (Erb & Jones, 2011). Instead, handheld equipment can be used
in areas where hatchlings are most likely to be moving or overwintering to
reduce mortality risk for hatchlings, while achieving management goals such as
cutting vegetation and removing invasive species. Because hatchlings are
buried under the substrate during the overwintering period, mower blades
present less of a risk than the crushing impact of the machinery’s tires or treads.
As such, we recommend minimizing the number of times a vehicle passes
through these sensitive areas, especially near habitat edges.
Third, we recommend restricting the timing of upland vegetation
management activities to November–March when terrapins,
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including

hatchlings, are least likely to be actively moving around upland habitat areas.
Vegetation management such as meadow mowing, tree clearing, and tilling, can
be effectively limited to the end of the growing season in late fall, early winter or
early spring while still achieving management goals (Walden, 2017), provided
that management activities avoid the areas most likely to represent
overwintering sites. At our site and many others, mechanically controlling
invasive plant species such as Oriental bittersweet (Celastrus orbiculatus), hairy
crabgrass (Digitaria sanguinalis), autumn olive (Elaeagnus umbellata), and
Morrow’s honeysuckle (Lonicera morrowii) by mowing and tilling is critical to
preventing these species from dominating the upland habitats. We recommend
removing invasive vegetation with hand-held equipment rather than heavy
machinery, especially within the recommended five-meter buffer zone at habitat
edges, until late spring prior to the nesting season to reduce risk of crushing
hatchlings under the tires of heavy equipment. By timing such habitat
management activities to colder months, we can reduce impacts on survivorship
and behaviors of terrapins. An added benefit to this restricted time window is
the coincidental reduced impact to migrating and breeding songbirds, most
native flowering plants, and other taxa of wild animals and plants.
For the specific circumstances of managing common reed (Phragmites
australis), an aggressive, rapidly spreading tall grass which can dominate lowersalinity areas along the upland edges of marshes, special management
considerations should be made. Management of P. australis often requires a
dual approach using herbicides and mechanical removal of all plant biomass
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including rhizomes (Hazelton et al., 2014; Rohal et al., 2019), but the specific
impacts of herbicides on terrapins are presently undocumented in the literature
(Zychowski & Godard-Codding, 2017). Phragmites australis does not appear to
significantly limit terrapin movements or nesting (Angoh et al, 2021; Cook et al.,
2018), but treatment may still be important in the habitats to achieve broader
conservation and management goals in terrapin habitats. Before treating P.
australis with herbicides in the fall or mechanically in winter, we recommend
establishing barriers such as drift fencing to exclude hatchlings from treatment
areas (Angoh et al., 2021). Fencing around large stands of P. australis should
ensure that some safe pathways between nesting areas and the estuary remain
open.
By balancing the conservation of coastal uplands around diamondback
terrapin nesting sites with careful management of vegetation, including invasive
species, managers can better protect hatchling terrapins while achieving their
habitat management goals. Long-term conservation of rare species like
diamondback terrapins requires targeted protection of all age classes of the
species over many years and limiting the risks of additive mortality from human
activities in the landscape. With strategic limitations on the timing and extent of
management activities like mowing and tilling, managers can reduce impacts to
hatchling terrapins and simultaneously manage habitats and invasive species
for long-term comprehensive conservation success. Accordingly, managers can
better protect hatchling diamondback terrapins in both their coastal upland and
salt marsh overwintering habitats.
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FIGURES
Figure 1. A diamondback terrapin (Malaclemys terrapin) hatchling in Rhode
Island in 2020 equipped with a 9 mm passive integrated transponder (PIT) tag
(left side) and a 0.5 g radio transmitter (right side).
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Figure 2. Timeline of data collection activities in fall, winter, and spring in
2019‒2021 for diamondback terrapin (Malaclemys terrapin) hatchlings in
Rhode Island.

52

Figure 3. Fall movement paths by radio-tagged diamondback terrapin
(Malaclemys terrapin) hatchlings in Rhode Island (2019‒2021) showing
hatchlings remaining on land (solid black lines) and hatchlings moving to the
salt marsh in the fall (dashed blue lines).
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Figure 4. Habitat use areas for diamondback terrapin (Malaclemys terrapin)
hatchlings in Rhode Island (2019‒2021) that overwintered in the uplands,
depicted with minimum convex polygons encompassing nests (white dotted)
and upland overwintering locations (black hashed). Hatchling movement paths
are black lines from nests to overwintering sites.
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Figure 5. Post-emergence dispersal directions of diamondback terrapin
(Malaclemys terrapin) hatchlings in Rhode Island (2019‒2021) on fall nest
emergence days showing dispersal movements toward habitat edges.
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TABLES
Table 1. Comparison of body measurements in fall vs. spring for diamondback
terrapin (Malaclemys terrapin) hatchlings in Rhode Island (2019–2021).
T-Test: Two-Sample Assuming Unequal Variances
Body Mass
(g)

Mean (x̅)
Variance (σ2)
SEM (σx̅)
Minimum
Maximum
Observations
Df
T stat
P(t<=t) two-tail
T critical two-tail

Fall
7.411
1.062
0.1
4.4
9.6
178
21
3.024
0.006
2.080

Spring
6.813
0.531
0.2
5.8
8.8
16

Carapace
Length
(mm)
Fall
Spring
30.388 30.771
3.375
1.841
0.1
0.3
25.7
27.5
33.9
32.7
178
17
22
-1.074
0.295
2.074
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Carapace
Width
(mm)
Fall
Spring
26.716 27.088
2.485
1.644
0.1
0.3
20.8
24.8
30.0
28.8
178
17
21
-1.118
0.276
2.080

Plastron
Length
(mm)
Fall
Spring
27.144 27.306
2.832
1.995
0.1
0.4
22.2
24.4
30.4
29.5
178
16
19
-0.433
0.670
2.093

Table 2. Models evaluating relationships between dispersal direction, Julian
date, and distance to edge for diamondback terrapin (Malaclemys terrapin)
hatchlings in Rhode Island, 2019‒2021.
Model
Names

K

AICc

Delta
AICc

Model
Likelihood

AICc
Weight

Log
Likelihood

Cum.
Weight

1

Julian
Date
Model

3

694.3531

0

1

0.534025

-343.958

0.534025

2

Distance
to Edge
Model

3

695.6969

1.343797

0.510738

0.272747

-344.63

0.806771

3

Julian
Date +
Distance
To Edge
Model

4

696.3863

2.033136

0.361835

0.193229

-343.823

1
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